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1.0 Intfoductlon 


Coatings based on the Co^r’*Al system are now widely used in 

mrine aircraft turbinea. They are tcnown to have excellent hot corro<- 

si<m resistance at normal turbine operation temperatures (,90001000*0. 

However t they are subject to severe degradation at lower temperatures 

(700o800*C) Vhich can occur when the turbines are operating at low 

power or afpartlcular locations on turbine components which normally 

fall into this temperature range. 

Considerable uncertainty still exists regarding the mechanisms of 

this form of corrosion despite several careful investigations. The 

corrosion morphology corresponding to low temperature hot corrosion 

has been well characterised on components removed from marine ser- 
(1 2 ) 

vices * . The attack Is primarily of a pitting type with the oxide 

in the pits encriched in Cr and A1 in alternating layers and depleted 
in Co. A Co-rich oxide covers the pits. There is little or no sulfi- 
dation in the alloy and generally no depletion of 8-CoAl below the 
oxide pit. A thin zone at the base of the pit is found to contain S, 

Al, and 0 in a phase (or phases) which are apparently not water soluble. 
Small amounts of water soluble Co have also been observed on corroded 
coatings and the oxide pits are permeated by Na 2 S 0 ^ which is also 
water soluble. Barkalov and Pettit were able to reproduce this mor- 
phology at 700*C by exposing CoCrAlY coatings with Ns 2 S 0 ^ deposits to 
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oxygen containing SO^ at pressures greater than 10 atm. The rate 

of degradation was found to be proportional to the SO^ pressure and 

negligible in the absence of SO^* These observations have been incor- 

(1 3) 

porated into the following mechanism by Pettit and co-workers ’ . 

The reaction of CoO and SO^ forms CoSO^ which forms a low melting 
point solution with Na2S0^. The liquid salt then penetrates the 
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AljO^ aealt at eraeka. Altetnating lajrara of A1 and Cr ara fomad by 

aelactiva raaoyal of A1 froa tha alloy praawably by Al»aulfita foraa- 

tlon at tha llauid/alloy Intarfaca ahara tha p. ia low and than 

'^2 

reprectpitatlon as oxide where the p. la higher* The Al'*deplatad 

”2 

alloy ia converted to Cr’-rlch region and Co which 

diffuaea to the llquid/gaa interface forming Co^^xide or aulfate. It 

ia auggeated^^*^^ that thia node of attack ia not operative at high 

temperaturea becauae much higher SO^ preaaurea are required to form 

aulfatea and aulfitea. 

( 2 ) 

Smeggil % on the other hand* auggeata that the corroalon morph*- 
ology may be reproduced in the abaence of SO^ in the gaa phaae if the 
coatinga are exposed to brief thermal excursion and transient reducing 
conditions and proposes thia an an alternate mechanism. Laboratory hot 
corrosion experiments in which specimens were periodically cycled to 
1300*C for 30 seconds in carbonaceous material produced corrosion 
morphologies similar to those observed in marine turbines and have pro- 
duced changes in coating microstructure similar to those observed by 
Smeggil in icarine turbine components. Smeggil does not offer a mech- 
anism for the degradation produced by the high temperature excursions. 

(4) 

Luthra and Shores have studied the low temperature hot corro- 
sion of Co-30Cr and Co-lOAl alloys between 600 and 7S0*C. They find 
that Co-30Cr undergoes a pitting type of attack in the presence of 
SO^. The pit contains Cr20^ and Na 2 SO^ with a sulfur-rich band at 


the alloy/scale Interface and an external scale of Co^O^ or CoSO^, 
depending on the SO^ pressure. The Co-lOAl alloy showed uniform 
attack rather than pitting but its corrosion morphology was otherwise 
analogous to that for Co-30Cr, The mechanism proposed by Luthra and 
Shores includes the formation of a liquid Na2S0^-CoS0^ phase as a 


rttult ct ratetton batVMn traniitnt CoO and 8O3. Tha rapid diaaolutloa 
of Co Into this aalt la p ro p o a ad to pravaot tho fomatloo of a eontlnu- 
oua Ct203 or AljO^ flla. 

Studlaa at tha Unlvaralty of Pittsburgh hava ahown that tha 
Introduction of SO 3 Into gas phasa results In plttlng-type hot corro- 
sion of both Co-47Cr and Co-18Cr-6Al alloys giving corrosion nwrpholo- 
glaa similar to those described above. Higher SO 3 pressures vere 
required to form pits on the Co-Cr alloy and thermal cycling resulted 
In pitting of both alloys at lower SO 3 pressures. The presence of 
NaCl in the gas also produces a pitting type of attack In Na^SO^- 
coated Co-Cr-Al which Is soeevdukt similar to that produced by SO 3 . 
However, a major difference was a porous microstructure produced below 
the pit by the formation of volatile chlorides of A1 and Cr which were 
transported outward through the pores and converted to oxide in 
regions of higher p^ . 

The objective of the research described in this report was to more 
clearly define the effects of SO 3 , alloy composition, and alloy micro- 
structure in the early stages of the Na^SO^-lnduced hot corrosion of 
Co* and Ni-based alloys in the temperature range 700-750*C. 

2.0 Experimental 

The alloys studied were Co-27Cr, Nl-20Cr, and Co-18Cr-6Al* . The 

alloys were tungsten arc melted under an argon atmosphere. Specimen 

coupons were cut from the alloys, polished through 600 grit silicon 

carbide and cleaned ultrasonlcally. Sodium sulfate coatings were applied 

by spraying with aqueous solutions while the coupons vere heated using 

2 

a hot plate and a heat lamp. Coating weights were usually 1 mg/cm 

*A11 concentrations expressed in weight percent. 


«i chough aoae Chinnor coatingc vera also u«ed. 

The apectiBenB uere expoaed In tube furnaeea to oxygen at 1 atn. 

The SO3 preaaure In Che gaa waa controlled by ualng nlxturea or 

by paaaing O2 through a pen^atlon tube apparatua to Introduce email 
aiMunta of SO2 and paaaing Che gaa over a Pt catalyaC to eatabliah the 
SO2/SO3 equilibrium. 

The apecinena' veighi. changea were determined by weighing them 
before and after expoaure. The oxidiaed apecimena were atudied ualng 
optical and acanning electron metallography* EDAX, and X^ray diffraction . 
The aalt waa waahed from aelected apecimena and analyzed by atomic 
abaorption apectroacopy at HASA Lewia Research Center. 

3.0 fatperlmental Results and Discussion 
3.1 Co - Cr and Ni - Cr Alloys 

Figure 1 ahovB a cross-section through a pit typical of those 

observed on binary Co-Cr alloys. This specimen was exposed with a 1 
2 

mg/cffl coating of Na2S0^ for 48 hours at 750*C In oxygen in which the 
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PgQ waa 5.8 x 10 atm. Table 1 Indicates the presence of SO^ caused 
3 

a 40-fold la^r weight change for the alloy compared with O2. The micro- 
graph and X-ray maps indicate a thick external scale of cobalt oxide 
covering a pit containing Or^O^ with a sulfur-rich region at the pit 
base. Some penetratioc of fingerlike corrosion product is also evident 
below the acale/alloy interface. Figure 2 shows n»re detail of these 
protrusions below a similar pit. The sulfur map. Figure 2d. indicates 
a significant concentration of sulfur in the protrusions. Point count 
EDAX analysis Indicates the matrix between the protrusions is partially 
depleted of Cr. It. therefore, appears this region is depleted of Cr 
by the formation of Ct203 in the pit and the formation of the protrusions 
which are sulfides (and. perhaps, oxides) of Cr. (It must be pointed 


SI 


out that tha Idantifleation of tha protruaiona la tantativa.) 

Tha abovt raaulta auggaat a aulfldation/oxidatlon Mchanlaa to 
ba a najor contributor to tha pit forpation in Co-Cr allopa, The 
corrosion procaaa ia anviaigad as follows# Tha high SO^ praasura in 
tha gas phase results in tha fomation of a liquid Ns 2 S 0 ^*>CoS 0 ^ solu- 
tion which locally diaaolvea the protective external Cr202 scale. (Tha 
higher SOj pressure required to Induce this node of attack in Cr202” 
forsilng as conpared with Al 20 ^-foming alloys is indicative of the lower 
solubility of Cr202 in acid nelts^^^.) The nolten salt penetrates 

below the scale. The conditions of low p. and high p_ established 

°2 ®2 

at this location result in the dissolution of Co which is transported 
outward until it precipitates as Co oxide i^ere the p. is higher and 

”2 

the fomation of Cr sulfides. The combination of disruption produced 
by the rapid dissolution of Co and localization of Cr in sulfides 
prevents a continuous Cr 202 scale from refoming. 

tigure 3 shows severe corrosion at the comer of a Ni-20Cr specimen 
exposed under the same conditions as the Co-Cr alloy in Figures 1 and 2. 
The specimen has gained about ten tiiMS more weight than that exposed 
in the absence of SO^* Table 1. In this case considerable quantities 
of Cr sulfide are present at the scale-alloy interface. Figure 4 shows 
a micrograph and X-ray Images of the corrosion product on the ssme 
specimen. Nickel msy trsnsport through s liquid Ns2S0^-NiS0^ melt 
(There is sn eutectic between the extended solid solution of NiSO^ in 
Ns 2S0^ snd NiSO^ * Na2S0^ st sbout 670*C, 35% Ko/NiSO^.) snd precipltste 
as NiO or NISO^ nesr the gas interface. Chromium remains essentially 
below the Initial alloy/ salt interfscc and is oxidized in-situ. The 
EDAX spectrum of Figure 3d verifies thst the outer regions of the pit 
are rich in Cr, Ni, and S. The result coupled with the micrograph. 


Figurt 3c, tuggcct Chic region conciitn of and Ni-aulfida, e,g, 

point A on the ctability diagraBs for the Cr-S~0 and Ni-S-0 ayateiBB, 
Figuraa 5 and 6, Thaaa reaulta auggeat the aulfidation and aubaequent 
oxidation of Cr preventa a Cr20^ acale fron foralng in the attacked 
region of this alloy alao. 

3*2 Co «» Cr - A1 Alloya 

Figure 7 above the norpbology of a pit foraed in Co-18Cr-6Al 
expoaed Co O 2 with p^^ ■ 2 x 10 atn. for 46 houra at 750*C with a 
Na2S0^ coating. The pit ia rich in A1 and Cr with a Co-rich external 
layer and S-enrichi&ent at the pit baae. Vater-aoluble Co vaa found on 
the aurfae of aiailar alloya, particularly after longer tiaMsa under 
thermal cycling condltlona. An additional feature of thia figure ia 
preferential attack of the 6-CoAl phaae. Figure 8 ahowa thia feature 
for an earlier atage of the pit formation . The 8 ia preferentially 
attacked and appeara to provide a path for more rapid propogation of 
the corroalon product into the alloy than ia available through the aolid 
aolution phaae. It ahould b* pointed out that the round chape of the 
pit in thia figure nay be the reault of a aectlonlng effect through a 
pit propogatlng in three dimenalone. The nore rapid attack along Che 
Al-rich, Cr-free phaae may be eonalatent with the greater aolubility of 
AI 2 O 2 in acid melta aa c«npared with Cr 202 ^^^. 

The obaervationa of the corroaion n»rphologiea for the Co-Cr-Al 
alloya do not lead to a clear iMchaniam. The aulfite mechanism pro- 

(1 3 ) 

posed by Pettit and co-workers * can explain the observed behavior. 
However, thermochmiical calculations for Na-sulfite Indicate this com- 
pound never appeara ac a atable compound at unit activity in the tempera- 
ture range under conalderation^^^. ')ata are not available for A1 -sulfite 
and this compound has not been found in the literature. However, the 
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pofftbtlitjf of forning Al^sulfito at !••• than imit activity io Na2S0^ 

it a potaibility and could allotr tha obtarvod eorroaion bahavior to ba 

axplalncd. Kora vork it naadad in clarifying this aMchanitn* 

Tha aulfidation/oxidatlon mchaniaa prepeaad in tha pravioua taction 

for Co-Cr and Ml-Cr could alto explain tlM bahavior. Hovavart aulfidaa 

hava not bean obaarv^ at tha pit bate in tha praaant invaatigation. 

Thit aachanitB nay ba retponsibla for tha pitting bahavior obtarvad by 
( 2 ) 

SsKggil whan apacinana vara axpoaad under transient reducing condi- 
tions in the abtanca of SO^* Theta emiditiona will cause tha sulfur 
potential in the salt to become vary high and may well initiate pitting 
corrosion via tha aulfidation/oxidation nachanitm observed for binary 
Co-Cr alloys. 

Finally, it must be remarked that similar pitting morphologies may 

be generated by a number of mechanisms. As noted earlier the 

presence of NaCl vapor can produce pitting of N«. ^SO^-coated Co-Cr-Al 

although additional features in the fora of porosity arise in this case. 

A sulfidation/oxidation mechanism is observed to operate in binary Co-Cr 

alloys and pits nay be produced in Co-Cr-Al both by high SO^ pressures 

and by transient reducing conditions. Also, as seen in Figure 9 a 

Co-Cr-Al alloy ouiy imdergo pitting-type corrosion in the absence of a 

salt deposit 5^^This specisMn is a Co-18Cr-6Al-lHf alloy exposed at 1000*C 

for 94 hours to a simulated coal gas in which p. % lO**^^ atm. and p_ 

0 - »2 
-6 -15 ^ 

% 2 X 10 atm. (p^^ % 10 atm.). The major factor determining 

whether or not pits form is the ability of the environment to continually 

prevent the formation of a protective scale at localised sites. However, 

the detailed features of the pits will generally ba different for the 

different mechanism (e.g. the thick Co-oxide outer scale did not occur 

in Figure 9) and must be carefully evaluated before a mechanism can be 

prepared with confidence. 
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Th« tfftct of SO^ presturt In tho fat ph«o« on tho M« 2 S 0 ^-lnduc«d 
hot eorrooion of Co«Cr, and Co^r-Al alloya haa boon atudlad in 

tha tasparatura ranga 700 - 750*C. Tha dagradation of tho Co-^r and 
Ni-Cr alloya was found to ba asaoeiatad with tha formation of liquid 
■ixad aulfatas (CoS 0 ^-No 2 S 0 ^ or NiS 0 ^-Na 2 S 0 ^) which providad a salaetiva 
dissolution of tha Co or Ni and a subsaquant sulfidation/oxidation node 
of attack idtich prevented the nalntenanca of a protective Cr 202 film* 

A clear ncchanisn tma not developed for the degradation of (^Cr-Al 
alloys. The sulfite mdel proposed by Pectit and coworkers or a sx>di- 
fieatlon of the above sulfidation/oxidation nechanisn are both capable 
of explaining the axperinental results. Additional work is needed in 
this area. Finally it was Illustrated that a pitting - corrosion 
■orpholofOr can be induced by a number of different mechanisms. 
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TABU It Waight ChanfM (pg/ca^) Aftar A8 Nra, at 750*C 


Goa Coaiwaltlon 

®2 

Oj ^ 1000 ppn SOj 
-4 

Pjjj^ - 6x10 ate 

Oj IX SOj 

PsOj ’ 

Allojt 

No 

Salt 

1 

NajSO^ 

Mo ^ 

Salt Na 2 S 0 ^ 

Mo 

Salt 

1 ng/cm^ 
Na2S0^ 

Co-20Cr 

1.5 

0.4 

0.43 0.04 

0.95 

5.2 

Co-27Cr 

0.09 

0.05 

0 -0.13 

0.09 

1.9 

Co-18Cr-6Al 

0.05 

i 

-0.05 

0.05 -.14 

0.04 


Co-18Cr-6Al-lI]f 

0.1 

0 

0.13 0.44 

0.06 


Nl>20Cr 

0.14 

0.14 

0.24 0.04 

0.09 

2.3 


(S): Scala apallad off during cooling to reoa taaparatura 
























Figure 1. (Cont’d. 




Scanning Electron Micrographs of the specimen in Pig. 1 showing more detail of the 
corrosion front morphology; a, b, c, and S distribution d. 













Fir>uro 2. (Cont* 
















Figure 5. Stability diagram for the Nl-S-O syatea at 1000*R 
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Figure 6. Stability diagraa for the Cr-S-0 systea at lOOO'K. 
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Fi^;ure 7. (Coin’d.) 
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Figure 4, Scanning electron micrograph of specimen in Fig. 
Ki (h), Cr (c), and S (d), »rav mags. 
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Pitting of Co-lSCr-6Al-lH^ produced in the absence of 
Na^SO, by a high p , low p gas. 


Figure 9. 


